piplines and overlay on the existing data. Nobody can guaranty the quality of these data. Meanwhile, 48 because of limitation of existing data model, 3D data have trouble to integrate with the existing 2D 49 data. The update is once per six months. In general, a number of issues prevent these data from 50 being sufficient for urban planning, land administration, and on-site work. In fact, many existing the existing database aiming to improve the information of underground utility. As the backbone 76 of 3D underground utility map, the 3D consolidated database of underground utilities should be 77 developed for data management. Additionally, a 3D map of utility networks could shed light on 78 the management of utility networks such as their ownership and operation in order to ensure legal 79 compliance, efficiency, and resilience of these utility networks. Then, the underground utility data 80 can be used in various applications. However, securing reliable data for a consolidated database with 81 sufficient and consistently accurate information is a challenging task. A gap exists between engineering 82 practices and mapping disciplines for underground utilities. Meanwhile, we need to find the solution 83 of how to use the existing data and integrate it with new collected data.
84
Here we focus on underground utilities, ignoring other underground structures which eventually 85 need to be represented in the same 3D data base as the utilities. We propose an approach to data 86 governance for underground utility data and a 3D underground utility data model, which aims at 87 bridging the gap between underground utility surveying and data management for land administration.
88
Our proposal addresses the following:
89
• The organization of different roles for the sharing of data. It is necessary to make clear the 90 governance of different roles. During data sharing, the communication between different roles 91 (e.g. data producers, regulatory bodies and users) is very important.
92
• Different roles require different permissions to access, change, delete or add data. These 93 permissions must be defined and maintained administratively. • Building and updating the 3D map of the underground requires integration of datasets of 95 different type, quality and source. Data may originate from recent surveying e.g., using Ground
96
Penetrating Radar (GPR) or self-contained sensors tracking their own movement through a pipe.
97
Data for building a map may also be derived from other databases. This integration requires 98 handling various data formats, and quantifying and properly taking into account the respective 99 data quality.
100
• The underground data need to be convertible into the data formats required by a variety of 101 different applications and end users without loss of relevant information.
102
Subsequently, we first introduce related works on 3D underground utility data acquisition and 103 reviews existing data models for utility networks. In section 3 we propose a framework to resolve the 104 above issues about data governance and explain the design of a 3D underground utility data model.
105
In section 4 we briefly summarize a Singapore case study covering the work process from large scale 106 GPR-based data acquisition to 3D visualization. We conclude with a summary and an outlook on 107 future work. The information of the buried utility networks can be retrieve without any physical contact 111 through underground utility mapping. However, underground utility mapping is more challenging as 112 compare to above ground mapping as most of the utility networks are invisible to the naked eyes. In 113 this context, underground utility mapping is adopted to scan, detect, mark and locate utility networks, 114 in collaboration with different subsurface geophysical technologies [3, 4] . These subsurface geophysical 115 technologies are considered as the trenchless technologies, where the inspection can be done without 116 proving excavation [5, 6] . These subsurface geophysical technologies, such as Ground Penetrating
117
Radar, Electromagnetic Locator, are recommended for capturing the information of the buried utility 118 networks [4, 7] . However, optical (e.g. using photogrammetry, or laser scanning) and physical (e.g. total 119 station or global positioning system) measurement are recommended for capturing the information of 120 the utility network while it is still expose through the trenching pits as shown in Table 1 .
121
As the numbers of utility networks increases, the urban underground is now a spider web of 122 utility networks. The adoption of the above-mentioned technologies at such congested cities has 123 become limited. It is hard to measure the exact location of the utility network. A gyroscope-based 124 system [8] was developed to measure the trajectory of the newly laid pipeline in offline mode. In 125 this paper, our data capturing was using GPR due to its popularity in underground utility mapping
126
[4] and the gyroscope-based system as it is not limit by depth measurement or susceptible to any 127 electromagnetic disturbances [8] . quasi-continuously, and subsequently analyzing the data tomographically. Figure 5a shows two 144 examples of GPR instruments, one being integrated with a mobile mapping trailer, and the other one a 145 manually pushed cart.
146
As opposed to optical techniques used for mapping above ground, the (relatively) low-frequency
147
GPR signals cannot be bundled well, and the radar images (radargrams) obtained from the 
160
The potential benefits of such a measurement system are that (i) it can acquire the as-built and accessibility can be measured, (ii) depending on the measurement system, the pipe needs to 169 be empty during the measurement i.e., the service of the utility is interrupted, (iii) the accuracy of It can be concluded that each technology has its advantages and limitations. Moreover, in order to provide utility data for 3D visualization and other applications, it is necessary to 214 integrate different types of utility datasets from multiple surveying methods. 
Design of the 3D Data model for Underground Utility Networks

A Framework for Utility Data Governance
249
From data capture to usage, the whole work process includes several participants in different 
254
• A data producer, who can be a contractor and/or part of the data regulatory bodies' organization,
255
will submit data to the utility network database after utility survey.
256
• Data owner manages their collected data. This role could be companies or data regulatory bodies.
257
• Data regulatory bodies, which are government agencies, will collect data and manage them 258 based on their utility network data model. The data regulatory bodies should provide a clear 259 permission to use and predefined subset of utility data, which will be used by data integrator.
260
• The data integrator integrates all utility data and manages the utility cadastre of all the utility 261 networks in a city or country. The data integrator should provide the required information for 262 the application of utility cadastre management to users. This role is vital in this framework,
263
connecting the data regulatory bodies and users.
264
• Data users can use utility data for utility cadastre management applications.
265
In this work process, the surveyor as data producer to capture data during the field work. After that, 266 the data will be submitted to data owner (e.g. Public Utilities Board (PUB) of Singapore) who needs 267 to manage the data of their own utility networks. According to the requirements of government,
268
the utility data will be submitted to data regulatory bodies (e.g. PUB and SLA), which include two 269 options. If the data regulatory body has the utility data model, they can continue to use it. Otherwise, 270 a general utility network data model will be designed as a standard to manage underground utility 271 data for data regulatory bodies. A consolidated 3D utility data model will be designed to support used to describe the relationship of cadastral parcels and utilities, includes contain, cross and touch.
310
This class could support ownership management of utilities and the land administration management.
311
The Utility Survey class (Figure 12 ) aims to organize utility survey information. It could help to In future work, the accuracy level should be defined to be based on the depth level, soil condition and 318 survey method. 
Case study
320
This initial study aims to integrate of GPR data and the existing underground utility data and 321 land cadastral data in the form of geospatial database. It aims to find a reasonable work process to 322 bridge the gap between data capture and application. Moreover, this implementation can help to 323 improve the design of 3D data model for underground utility. 
Study area and datasets
325
This initial study was conducted at around Lorong 2, 3 and 4 at Toa Payoh, which is located in 326 the northern part of Singapore. This is one of pilot study sites in our project to deploy mobile GPR 
333
The data were then post-processed in order to obtain digital 3d models of both the environment above 334 ground environment and underground utilities in different format. After data processing, the GPR 335 data needs to export to CAD format or GIS format with x, y, z value as points and lines for 3D data 336 modelling and visualization. Figure 13 shows an example of GPR data in CAD (Figure 13a ) and GIS
337
( Figure 13b) format.
338
(a) CAD (b) GIS Figure 13 . GPR data in CAD and GIS format.
The existing datasets from Geospace and cadastral data from Singapore Land Authority were 339 used as secondary data to obtain or improve the attributes of utilities that were extracted from the 340 radargram and to explore the relationship between the above land administration information and 341 underground utilities. These existing utility data are as-build data from utility services (e.g.: power, 342 water, gas, telecommunication and sewerage) and cadastral information in 2D form. Of these datasets,
343
it contains only a small portion of information that has diameter with updated time and type. It 
3D Visualisation
346
To develop the 3D utility data model for land administration, the underground utilities need to be 347 connected to the land parcels. Figure 14 explains the work process in this case study. The data model is 348 designed in UML and exported to XML format, which can be imported into ArcGIS as a geodatabase 349 schema. Based the database schema, the GPR data can be loaded as utility network components in 350 polyline and point. According to the information from the existing utility data and GPR data, the 351 utilities can be modelled in 3D (multipatch). The 3D modelling is realized manually in the ArcSence
352
and CityEngine.
353
In order to get the related land administration information, the utility networks data can be improve the accuracy of data in 3D, the current cadastral data has to be extended to 3D so as to support 
Discussion
362
This is a simple implementation to explore the work process of 3D modelling of underground 363 utility from the GPR data and existing 2D data. Because GPR cannot capture the diameters, material 364 and some attributes of utilities, it is necessary to extract these information from GeoSpace database 365 for 3D modelling. Depending on the spatial relationship (e.g. overlap, within) of the GPR data and 366 existing utility data, some of the utilities from GPR data can be connect to the existing utility data.
367
Because of two main limitations, there is a big challenge to improve the accuracy of data. First, the 368 existing utility data is as-build data which may not be reliable enough for updating work. Second,
369
the existing utility data is in 2D data, which is difficult to identify utilities accurately. Hence, the 370 future work needs to find the solution to detect much more attributes of utilities from GPR data. In between data acquisition and data management for underground utility mapping.
386
• Integrating the existing data and GPR data. As mentioned earlier, GPR data cannot get the 387 diameters and types of utilities. This way helps to improve the attributes of utilities from GPR 388 data. Moreover, it is also a process to transform utility data from 2D to 3D.
389
• A crucial part of the utility network data model is to connect the utility network data model with 
402
This is a work in progress and is in its initial stages. Two main aspects of limitations need to 403 be improved in future work. First, for the accuracy of utilities data. Obviously, the GPR data is not 404 enough to provide the comprehensive 3D underground utility networks. The other kinds of data
405
(e.g. Gyroscope) should be integrated to provide more precise attributes for underground utilities.
406
Moreover, the details of shapes and structures of utilities need to be improved. Second, the next step of 407 data model development will improve the definition of land administration for underground utilities.
408
A pilot study will be conducted to implement the entire process from data capture to data integration 409 and application, working with a selection of agencies and the preferred data integrator. It aims to 410 evaluate and improve the framework. After that, recommendations from this study can be used for 411 the implementation of the platform in Singapore with government agencies. Also, this work will not 412 limit itself to underground utilities. In future work, it will be extended to include other underground 413 structures such as underground indoor spaces, and support urban planning applications. 
